Background: Children unreached by vaccination are at higher risk of poor health outcomes and India accounts for nearly a quarter of unvaccinated children worldwide. The objective of this study was to investigate compositional and contextual determinants of non-receipt of childhood vaccines in India using multilevel modelling.
Introduction
Vaccination is a key strategy for reducing child mortality [1, 2] . In 1974, the World Health Organization (WHO) established the Expanded Programme on Immunization (EPI) to ensure that all children had access to six basic vaccines: Bacille Calmette-Guérin vaccine (BCG), diphtheria-tetanus-pertussis vaccine (DTP), oral poliovirus vaccine (OPV), and measles-containing vaccine (MCV) [3] . A recent report suggests that vaccination against four diseases targeted by the EPI -diphtheria, tetanus, pertussis and measlesaverts an estimated 2 to 3 million deaths every year [4, 5] . Despite this success, 22.6 million infants remained unvaccinated (defined as non-receipt of DTP1)-or under-vaccinated (defined as nonreceipt of DTP3) worldwide in 2012 [6] . According to the Child Health Epidemiology Reference Group (CHERG), of the estimated 8.8 million deaths of children under 5 years of age worldwide in 2008, 1.5 million (17%) were due to vaccine preventable diseases (VPDs) [7, 8] .
Of 12.6 million children who had not received a DTP1 dose in 2012 (commonly considered as proxy for access to vaccination services), approximately 3 million were Indians [6] . Numerous studies have addressed the question of suboptimal childhood vaccination in India. For example, one recent systematic review [9] identified several risk factors related to child (gender, birth order), family (area of residence, wealth, parental education), demography (religion, caste), and community (access to care, community literacy) characteristics. Though the cumulative evidence is impressive, it offers a limited perspective. First, while the characteristics of unvaccinated children are likely to be different from those of undervaccinated children, primary studies have generally considered partially vaccinated and unvaccinated children together, and relatively few have focussed on unvaccinated children [10] . Second, previous studies limited their analysis mainly to individual-and household level-factors using fixed effects models [11, 12] . Third, the few previous researches that examined broader contextual-level factors did not take into account the simultaneous net effects resulting from a wider set of compositional and contextual or community factors [13, 14] . Consequently, an approach restricted to a sole level, either the individual level or the macro-scale of contexts, generates conceptual and practical limiting problems [15, 16] .
Considering these limitations, investigation of factors related to non-vaccination is yet to be explored accurately in the context of India. This issue is even more important in regard to the call for universal health care by 2020 in India [17] . Indeed, to scale up coverage successfully contingent to well-known scaling up concern, the problem is not just to reach more children, but to reach those facing specific barriers. It is therefore essential to conduct population-based assessments of patterns, distribution and determinants of non-vaccination in order to identify barriers within subpopulations in every context [18] . Given the complexity of the different relationships between influential variables at individual and contextual levels, it is important to assess their relative contribution in a multilevel model that can properly account for individual and contextual factors and their potential interactions.
Our objective was to investigate the role of potential compositional and contextual determinants of non-receipt of basic vaccines among 12-23-month-old children in India. Specifically, we aimed to: (i) ascertain whether individual or household level (compositional) factors are significantly associated with childhood non-vaccination, net of community-level factors in India; (ii) determine whether there was a significant contextual variation of childhood non-vaccination; (iii) assess whether contextual variation was explained by individual-and contextual-level factors.
Methods
We used data from the District Level Household and Facility Survey 3 (DLHS-3), a nationwide household survey at district level, conducted in 2007-2008 in 34 Indian states and territories [19] . The DLHS-3 was designed as a cross-sectional study that used a stratified, systematic, multistage cluster sampling design [19] .
Outcome measure
The basic Indian vaccination schedule is proposed by Universal Immunization Programme (UIP). The UIP is the largest immunization program in the world and targets 27 million infants annually. The UIP protects children against 7 vaccine-preventable diseases: tuberculosis, diphtheria, tetanus, pertussis, polio, measles (added in 1985) and hepatitis (added in 1990). Vaccines are provided free of cost and delivered through strategies such as routine immunization, village health and nutrition days, and outreach campaigns [20] . In keeping with the definition in standard use in India, full immunisation is defined as a child 12-23 months of age receiving all of the following vaccines: a dose of BCG vaccine at birth (or as soon as possible); three doses of DPT vaccine at 6, 10 and 14 weeks of age; at least three doses of OPV at 6, 10 and 14 weeks of age; and one dose MCV at 9 months of age. Vaccination information of 12-23 month-old children in DLHS-3 was obtained either from health cards or from mother's or caregiver verbal reports. We created two binary outcomes to study non-vaccination in this sample. First, children 12-23 months of age who had not received any of the following eight vaccine doses (1 dose of BCG vaccine, 3 doses each of DTP vaccine and OPV, and 1 dose of MCV were considered completely unvaccinated (CUV), and were compared to children who had received at least one dose of vaccine. Second, children were considered to have received no routine immunisation (no RI) if they had not received any of the five recommended doses administered only through routine services (1 dose of BCG vaccine, 3 doses of DTP vaccine, and 1 dose of MCV), and were compared to children who had received at least one routine immunisation dose. Full immunization coverage can be attained only through improving routine immunisation systems. For several decades, as part of the global eradication initiative, India has had a very strong polio programme operating largely in campaign mode in parallel to routine immunization services [21, 22] . We therefore also studied those children 12-23 months of age who had not received a single dose of vaccine from routine immunization services. We used the term community to describe clustering within the same geographical living environment. Communities were based on sharing a common primary sample unit (PSU) within the DLHS-3 data as it is the most consistent measure of community in the DHS surveys [23] . Since poverty and education characteristics of communities were not directly available, they were constructed by aggregating individual-level characteristics at the PSU level. Specifically, these weighted measures were derived by summing the values obtained on individual women in each community and dividing then by the total number of women respondents living in each one. The community's poverty status was defined as the proportion of households below 20% of wealth index. The proportion of women with no formal education was generated from native individuals in the database and aimed to represent female illiteracy in the community. In our study, these groupmeasures were based on an average of 3 women per community (from 1 to 31), which provides a sufficient number 1) to generate reliable estimates [24] and 2) to use Monte Carlo Markov Chains for achieving our computations [25] .
Explanatory variables

Statistical analysis
The entire national sample (n = 65,617) of children aged 12-23 months was analyzed. Data typically have a hierarchical structure in which children were nested within mothers, mothers were clustered within households, households were nested within communities which were clustered within districts, and finally districts were nested within states. To account for unequal selection probabilities and ensure representativeness of the sample, we applied the appropriate sampling weights.
Determinants of non-vaccination were assessed by using Bayesian binomial regression models. We specified a 4-level model for each binary outcome y, i.e., non-vaccination, for child i living in community j in district k and state l. Probability was related to a set of categorical predictors X and a random effect for each level by a logit-link function as logit (p ijkl ) = b 0 +bX+u 0jkl + v 0kl+ f 0l . A child level was defined by collapsing child-, mother-and household-level data. The linear predictor of the equation consisted of a fixed part (b0+bX) estimating the conditional coefficients for the covariates. The 3 random intercepts were respectively attributable to communities (u 0jkl ), districts (v 0kl ) and states (f 0l ), each assumed to have an independent and identical distribution and variance estimated at a corresponding level. All models were estimated by using Bayesian methods implemented via Markov Chain Monte Carlo (MCMC) simulation and the Metropolis-Hastings algorithm [26] . We used diffuse default prior distribution for all parameters [26] . Starting values of the distribution were derived from two previous estimations using Iterated Generalized Least Squares (IGLS) and second order penalised quasi-likelihood linearization (PQL2). MCMC estimation was adopted in the analysis to reduce bias in the estimates of random effect parameters. Indeed, such bias can arise when multilevel models with discrete outcomes are estimated using maximum-likelihood procedures [27] [28] [29] . All estimations were performed by MLwiN within STATA 12 MP (Stata, Corp.) and MLWiN 2.26 through runmlwin procedure [30] . Our computations were based on chains of length 50 000 iterations after a burn-in of 5000. Bayesian deviance information criterion (BIC) was used to estimate the goodness of fit of consecutive models [31] The BIC values for each model were compared, and the model with the lowest value was considered the better one for hierarchical models [31] .
We examined separately the association between non-vaccination and compositional (individual-household) and contextual variables. The first model is a null model (Model 1), which provides information on the extent to which communities, districts and states vary and further justify assessing random effects at these levels. Model 2 included only individual characteristics while model 3 contained community characteristics. Model 4 expanded model 3 by adding individual level variables. We further fitted a fifth model to analyse a cross-level interaction between household wealth and area of residence (rural and urban). Since we found a significant (p = 0.035) interaction term (area of residence * wealth index), we present separate models including all individual and contextual variables stratified for rural and urban areas of residence.
The fixed effects, i.e., the association between non-vaccination and selected variables, were shown as odds ratio (OR) with its 95% credible interval (CrI). Meanwhile, random effects (measures of variation) were estimated by median odds ratio (MOR) rather than using intra-cluster correlation (ICC) which is better fitted for linear models [32, 33] . The MOR quantifies the unexplained contextual heterogeneity, otherwise it quantifies contextual-level variance on the odds ratio scale and is always greater than or equal to 1 [32] . 
Ethical considerations
This study is based on an analysis of existing survey data with all identifier information removed. The survey was approved by the Ministry of Health & Family Welfare, Government of India and the International Institute of Population Sciences (IIPS) institutional review board. All study participants gave informed consent before participation and all information was collected confidentially. Data of DLHS-3 were obtained from the IIPS as they are made available in the public domain for analysis by researchers. Therefore, no additional ethics review is required for this work by the Montréal University committee of ethics. (Tables 1 & 2) . Tables 3&4 present four-level univariate logistic regression results. Increasing maternal and paternal educational attainment was protective against child non-receipt of vaccines through a graded trend (P trend ,0.0001) (table 3). Children at birth ranks $3 were more likely to be unvaccinated. Lack of utilisation of health services during and after pregnancy by the mother was positively associated to being CUV. In comparison to the reference group, children born from women with less than 4 ANC visits or no tetanus injection during pregnancy had nearly 8 time the risk of being CUV (OR = 7.56 [95% Credible Interval (CrI): 6.09-9.37] and OR = 7.25 [6.69-7 .85], respectively). Furthermore, not receiving PNC within 2 weeks after birth was also associated with CUV status (OR = 4.16 [3.78-4.57] ). Finally, when contrasting both outcomes, the strength of association of variables related to individual characteristics appeared generally more pronounced for No-RI while magnitudes were larger among CUV for variables related to health services utilization by mother and household wealth index. Multivariate four-level regression results adjusted for potentially confounders showed results of association between CUV and individual (Table 5 ) and contextual-level (Table 6 ) variables. Model 2 shows associations for individual-level factors. Firstly, children born from mothers with no schooling relative to those born from mothers having at least 13 years of schooling were almost two and a half times more likely to be CUV. A similar but less marked trend was observed with respect to father's educational attainment. Secondly, variables related to health services utilization by the mother remained significant, particularly maternal tetanus immunization during pregnancy which was the strongest individual-level factor related to CUV status. Thirdly, the association between CUV and wealth index showed a significant, dose-response relationship indicating that the risk of being CUV increased with lower household wealth. The effects of the inclusion of contextual factors are shown in Table 6 Tables 7&8 presents multivariate logistic regression results related to non-receipt of routine immunisation. As compared to CUV, being No-RI (Model 4, Tables 7&8) was more strongly associated to mother's educational attainment, being Muslim, female gender, and living in urban areas. Notably, maternal education was the strongest factor. Other findings were similar to those in Tables 5&6.  Tables 9&10 presents results stratified by area of residence (rural versus urban) for CUV and no-RI. Maternal education attainment continued to influence the risk of being CUV uniquely among urban children. Conversely, father's schooling remained significant in urban and rural areas although its magnitude was larger in urban areas. Interestingly, the household wealth index had almost no effect on risk of being CUV in urban areas but remained a strong determinant of CUV in rural settings. Maternal education remained the strongest determinant of No-RI in both settings whilst the influence of higher birth rank appeared more marked as well as being a girl in urban area. Random effects measures are also presented for all adjusted analyses (Tables 6, 8 and 10 ). In Table 6 , results showed a significant variation of CUV across the communities (u-CUV = 2.04, p,0.0001), districts (v-CUV = 1.15, p,0.0001) and states (f-CUV = 1.93, p = .001). These findings point to significant heterogeneity at each level as confirmed by corresponding MORs. To assess further the influence of compositional and contextual variables on random effects, we compared the null model (Model 1) with the three other models. By controlling for all compositional factors, the proportion of total variation attributed to community, district and state declined. Nonetheless, variation at these three levels remained highly significant (p,0.001), indicating that compositional characteristics may explain only a part of geographic variation. Consistently, MORs confirmed such heterogeneity.
Results
Of
After controlling for defined contextual variables in Model 3, community and district levels variances barely changed in comparison to Model 1 (Tables 6 & 8) . Controlling for all compositional variables and contextual variables in Model 4 induced a substantial variances decrease in comparison to Model 1. Strikingly, the procedure showed little effect on proportional change of variance relative to Model 3. Correspondingly, clustering of on receipt of recommended vaccines remained significant at the community-, district-and state-levels, as indicated by respective MOR for CUV [3.44, (95% CrI: 3.14-3.79), 2.39 (95% CrI: 2.17-2.64) and 2.72 (95% CrI: 2.04-3.44)]. In stratified analyses by area of residence (Tables 9 & 10) controlling for all individual and contextual variables, significant variation of the outcome still persisted at community, district and states levels. This feature suggests that models did not fully explain contextual variation of non-vaccination. Furthermore, the level of community was more important in the determination of CUV 
Discussion
This is the first study to analyse unvaccinated children in India in order to appreciate potentially different contextual and compositional determinants associated with different vaccine delivery modes. Using multilevel modelling and the most recent representative probability sample of 65 617 children aged 12 to 23 months recruited from 34 states or territories of India, we found that 4.8% (95% CrI: 4.6-5.1) of Indian children were left out of India's Universal Immunization Programme and had not received even a single vaccine dose (CUV). Results also showed wide interstate variation ranging from 0% (Goa and Lakshadweep) to 20.9% (Tripura). In 2014, the World Health Organization certified India polio-free. India's high-performing polio program will hence downscale efforts in future, and routine immunization services will shoulder the task of reaching every child. By documenting the magnitude of the coverage gap associated with failure to receive routine immunization and associated risk factors, our analysis provides key information to inform service delivery improvements in India. A much higher proportion of children had received no vaccinations from routine services, an indication of weak health systems. The prevalence of No-RI is 12.01% (95% CI: 11.68-12.35%) nationally, ranging from 0% (Lakshadweep) to 25.4% (Tripura). The prevalence of No-RI was above 20% in Tripura, Uttar Pradesh, Meghalaya and Arunachal Pradesh. CUV and no-RI children are concentrated in particular states, increasing the risk of transmitting VPDs to other unvaccinated and undervaccinated children.
Equity in coverage of maternal and child lifesaving interventions such as vaccinations in resource-limited countries remains a major focus of global health agenda [34, 35] . Subsequently, reaching unreached children is recognised as central to this vision [18] . Actually, those left out from vaccinations are thought to be at highest risk of VPDs and are also unlikely to access other essential child health services [36, 37] . Our multilevel analysis identifies key findings that are relevant to understanding the role of certain contextual and compositional factors in influencing non-receipt of any basic vaccine-dose in India, a country concentrating 25% of unvaccinated children globally [6] .
Non-vaccination is highly associated with the mother's and her partner's educational attainments. Mothers that not reached at least 6 years of schooling had a higher risk to have unvaccinated children. Importantly, the effect of maternal schooling attainment appears less apparent for completely unvaccinated children in rural areas while paternal education appears systematically manifest for both outcomes in all settings. The finding relative to maternal education is consistent with a body of evidence from India and other resources limited settings. Thus, they provide further evidence that mother education remains a strong determinant of child vaccination in certain circumstances [13, [38] [39] [40] . The finding that husband' education is associated with childhood vaccination is in line with previous reports [41] . Indeed, the protective role of husband's education has been recognized [42, 43] as reinforcing factor for mothers propensity to seek for child's vaccination. Finally, the positive association between parental education and non-vaccination lends credence to the importance of reinforcing demand-related factors. Of note, three other individual-level effects are notably important. In unadjusted and multivariate models, the risk of being unvaccinated is strongly associated with all the compositional antenatal and postnatal covariates related to health services utilization by mothers. Thus, we found that children born from a mother who had not received tetanus toxin injection during pregnancy had a 4-fold risk of being unvaccinated. Furthermore, unvaccinated children were more likely to have mother who neither attended recommended full ANC visits nor PNC visit within the two weeks following birth. These associations remain significant even after controlling for all individual and contextual variables. These findings highlight the fact that the continuum of care throughout pregnancy and postpartum period is critically important for children vaccination in India. Indeed, the association between child vaccination and prenatal and postnatal care utilisation suggests that this pattern may be indicative of health services attendance during early childhood, as previously reported by Kogan [44] . Moreover, these findings are consistent with those of many others in resources limited settings [45, 46] , though Choi & Lee found only such link for the subgroup of rural boys [47] .
Socioeconomic factors are consistently linked to non-vaccination [48] [49] [50] . Accordingly, we showed that household wealth index was inversely associated with non-vaccination through a doseresponse pattern while controlling for compositional and contextual variables. Importantly, this association appears mostly marked in rural settings.
Interestingly, our investigation found that the determinants of non-vaccination were similar between CUV and No-RI, but the magnitude of associations for individual factors such as maternal education, tetanus immunization during the pregnancy, ANC visits and child gender were usually stronger among No-RI. In order words, No-RI outcome usually accentuated the force of these associations. This pattern suggests that the polio programme operating largely in campaign mode in parallel to routine vaccination services seems to better reach undeserved groups such as very illiterate parents. Lessons from the polio programme's approach to reaching underserved population groups may be useful for improving routine immunization services.
Turning to contextual variables, only place of residence was found to be significantly associated to non-vaccination. Meanwhile, residing in a rural area was associated with non-vaccination in unadjusted and multivariate models when considering only contextual factors. Conversely, this variable was found protective when taking into account both compositional and contextual factors. This inverse association between place of residence and non-vaccination contradicts the impressive body of evidence reported from both Asia and Africa [49] [50] [51] . Nonetheless, other African studies showed that children living in urban places are more likely to be non-vaccinated compared to their rural counterparts [42, 52] . This apparent discrepancy raises the question of whether the so called ''urban advantage'' remains pertinent in regard to growing urban population and for whom access to health services may be precarious [11, 53, 54] . Overall, even after controlling for observed characteristics, unexplained heterogeneity in non-receipt of any vaccine remains significant at contextual levels net of what could be attributed to compositional factors. In terms of the relative importance of the three contextual levels, the community-level was observed to be relatively more important in rural settings while the state-level appeared more influential in urban areas in the determination of non-receipt of any vaccine. Finally, none of the considered contextual variables seemed to have a greater impact on nonvaccination relative to compositional characteristics. Therefore, the relationship between the non-vaccination and the context may be more complex than captured in this study. The evidence of a state-level clustering effect, as well as the clustering of district and community levels, suggests that unexplained factors should be sought in future analysis. In particular, we could not assess the potential contribution of the availability of health facilities (only available for rural areas in the DHLS-3), state or district level governance.
Our study has several strengths. Firstly, it is original as we used more stringent measures of non-vaccination compared to traditional measure of non-vaccination based only on coverage of DPT1 [6] ; second, we modelled the non-receipt of vaccines throughout two different delivery systems; third, we used highly computational but robust statistical techniques within a multilevel framework. Finally, we minimized potential selection bias and achieved nationwide representative estimates (generalization) by using India's most recent publicly available nationally representative survey data, the DLHS-3.
There are some limitations to this study. The cross-sectional nature of the data limits the ability to draw causal inferences. We also recognized that our study may be potentially limited by the fact that the determination of vaccination status was based mainly on mother or care giver report, which may be less precise than information provided by health card. Nevertheless, this practice is commonly used by the Demographic and Health Surveys (DHS) which form the basis for the DLHS since its first series [55] . Moreover, other studies have shown that mothers' reports of their children's vaccination status are fairly accurate [56] [57] [58] . Finally, additional information on unmeasured individual and community level variables by data source such as health services characteristics that were only available for rural areas, and cultural norms and beliefs, difficult to collect in such large-scale survey, would have also benefited this study. Our results have potentially important implications for public health policies and programs aimed at reducing non-vaccination in India. At the individual level, the results suggest that health programs need to be adapted geographically and to focus on attracting poor children particularly in rural settings and less educated women and encouraging them to use health services including vaccination. Our findings further reiterate the urgent need for a comprehensive maternal health package that addresses the spectrum of maternal and extended newborn care -envisaged as critical components in achieving targets 4, 5a and 5b of the UN Millennium Development Goals [59] . The persistence of significant community-, district-and state-level variation in nonvaccination illustrates that current large population surveys such as DLHS are insufficient in measuring the range of cultural influences on health-seeking behavior, and more focused-research is needed to understand the dynamics of contextual influences on individuals.
